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Introduction
The use of petroleum-based synthetic plastics has led to problems in the management of solid waste. Therefore, bio-based and biodegradable polymers such as polyhydroxyalkanoates (PHAs) have attracted considerable attention as alternatives to the petroleum-based plastics (Castilho et al., 2009 ). In almost all established industrial processes for PHA production, the substrates used are sugar-based compounds, which have a high market price (Serafim et al., 2008) . Therefore, more cost-effective technologies are required. In recent years, there has been a growing interest in the production of PHAs by using low-value substrates, such as wastes and wastewaters (Koller et al., 2008) . These substrates are generally utilized for PHA production in mixed microbial cultures (Rodgers and Wu, 2010 Lee, 1996) . Hence, these 2 different processes should be coupled in a more cost-effective method. Du and Yu (2002) proposed a technique wherein membrane separation technology was used to transfer organic acids obtained from a food-waste fermentation reactor to a PHA production reactor with a pure culture without washout of anaerobic microorganisms and solids. However, the pore size of the membranes used was too small for the removal of anaerobic microorganisms and solids, resulting in high consumption of operational energy. Moreover, in the majority of the previous studies, PHAs were produced in only 1 batch (Kek et al., 2008; Du and Yu, 2002) . From an economic point of view, it would be beneficial to repeatedly use the pure culture as a seed culture for PHA production.
The aim of this study was, therefore, to produce polyhydroxybutyrate (PHB), which is the most widespread and the best-characterized PHA, by using filtered fermented food wastes as carbon sources with a pure culture of Cupriavidus necator H16 (formerly Ralstonia eutropha) as the PHB-producing species. We investigated the effects of different regimens (1-pulse, stepwise, and continuous feeding regimens) for feeding the fermentation liquid on the efficiency of PHB production and achieved continuous C.
necator-mediated production of PHBs from the fermented food waste liquid.
Materials and methods
Food wastes were collected from a canteen in Hokkaido University. Fermentation of the food waste slurry was performed at ambient temperature in a 2-L reactor with a working volume of 1.5 L. First, 0.5 L of the inoculum was mixed with 1.0 L of the fresh food waste slurry, and then the reactor was continuously operated under the draw-fill mode:
1.0 L of the slurry was withdrawn and replaced with 1.0 L of fresh food waste slurry once a week (see Figure 1A ). Thus, the fermentation liquid for PHB production was obtained once a week. The fermentation liquid was filtered with a membrane filter with a pore size of 0.45 μm.
C. necator H16 (ATCC 17699) was used for PHB production. The strain was cultivated in ATCC medium 3 and cells were harvested by centrifugation. The cell pellet was then resuspended in 200 mL of the medium and subsequently used as the seed culture for PHB 5 production. PHB was produced in fed-batch cultures of C. necator in 1.5-L air-bubbling cylindrical reactors. The seed culture was added to 3 PHB production reactors. After diluting the seed culture with 500 mL of tap water, 150 mL of the filtered fermentation liquid was added to reactors A1, A2, and A3 by using different feeding regimens. In reactor A1, the entire volume of the fermentation liquid was fed to the reactor as a single unit, i.e., the 1-pulse regimen (Run 1). In reactor A2, the fermentation liquid was fed in a stepwise manner once a day with 7 pulses (21 mL in each pulse) (Run 2). In reactor A3, the fermentation liquid was continuously fed to the reactor by using a peristaltic pump at a rate of 150 mL/week (21 mL/day) (Run 3). The PHB production reactors were operated at 20 ± 1°C with aeration of 0.3 vvm and the pH was adjusted to 7.5. Furthermore, continuous PHB production with C. necator was performed by using the protocol employed in Run 3.
Measurements of chemical oxygen demand (COD), volatile fatty acid (VFA) content and pH were performed as described in our previous publication (Satoh et al., 2007) . The dissolved fraction of COD, which passed through a membrane filter with a pore size of 0.45 μm, was termed D-COD. The total VFA concentration (g-C/L) was calculated as the sum of the carbon content of the measured amounts of formic, acetic, propionic, lactic, n-butyric, and isobutyric acid. The dry cell weight (DCW) and PHB concentration and content were determined by using the method described by Braunegg et al. (1978) . PHB concentration in samples was determined using a GC system (GC-14B; Shimadzu Co., Kyoto, Japan) equipped with a flame ionization detector and Inert CAP 5 column (30 m length × 0.25 mm internal diameter × 0.4 μm film thickness) (GL Science, Tokyo, Japan).
The PHB content in the DCW (w/w) was defined as the percentage of PHB in the DCW.
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The yields of DCW and PHB from VFAs were calculated as the ratios of mole carbon in DCW and PHB to mole carbon in VFAs, respectively. The chemical formulas of DCW and PHB were assumed to be C 5 H 7 NO 2 and O-CH(CH 3 )-CH 2 -CO, respectively.
Results and discussion
D-COD and VFAs increased with an increase in the food waste loading (Figure 1 ). In each cycle, these values reached a quasi-steady-state within 7 days of each draw-fill cycle. Acetic acid accounted for ca. 50% of the total VFA content at 500 h. Thereafter, lactic acid was the largest component (ca. 80% (in mg-C/L)) in the first 720 h. After pH adjustment (after 720 h), lactic acid still remained the most dominant component.
However, acetic acid and propionic acid concentrations increased after 1,120 h, probably because of a change in the anaerobic microbial consortia. The predominance of lactic acid at pH lower than 4 and the relative increase in acetic acid and propionic acid concentrations after the adjustment of pH to around 6 were consistently shown in triplicate experiments (data not shown) and in previous studies (Du and Yu, 2002) . PHB seems to be effectively produced from acetic acid (Serafim et al., 2008) . Moreover, propionic acid production is also beneficial because it leads to the synthesis of a poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHB-PHV) copolymer (Du and Yu, 2002) , which is more ductile and tougher than the PHB homopolymer .
These findings indicate that acetic and propionic acids production in the fermentation process is beneficial for effective PHB and PHB-PHV copolymer production.
The changes in DCW, VFA concentration, and PHB concentration and content in the 7 PHB production reactors fed with the filtered fermentation liquid were investigated with different feeding regimens. Feeding in the 1-pulse regimen (Run 1) resulted in a greater extent of C. necator growth (10,000 mg-DCW/L), probably because of higher initial VFA levels. This value was comparable with those reported in previous studies (Du and Yu, 2002; Lee et al., 2008) . In contrast, it was lower than those reported in several other studies (Li et al., 2007) , probably because of lower organic loading rate and/or the use of a wild-type strain instead of recombinant strains. In contrast, the maximal PHB concentrations and contents in Runs 2 (250 mg/L and 25% at 44 h) and 3 (200 mg/L and 24% at 40 h) were higher than that in Run 1 (65 mg/L and 3% at 46 h). It was obvious that the application of the stepwise and continuous feeding regimens yielded PHB concentration and content higher than those achieved by using the 1-pulse feeding regimen. The higher PHB content is beneficial because of the consequent less production of wastes (i.e., residual biomass and CO 2 ) in the PHB production process. It is known C. necator-mediated PHB production from the filtered fermentation liquid was performed. The DCW and PHB concentrations were the highest at 43 h (Figure 2A) . The DCW production rates were relatively high in the initial operation and gradually decreased ( Figure 2B) . The PHB production rates were also high in the initial operation and decreased after 188 h, but PHB production continued at a rate of 5 mgL 1 h 1 even at 259 h (at the 8th cycle). The PHB content (<87%) was higher than that produced from the 9 filtered fermentation liquid (Du and Yu, 2002) and comparable to that obtained from pure feedstock (Li et al., 2007; Lee, 1996) . 
Conclusions
This study showed that PHB could be continuously produced from fermented food wastes filtered through a 0.45-μm-pore-size membrane filter without using any other expensive pretreatment measures and by repeatedly using a pure microbial culture. The problem with contamination of the PHB reactor with anaerobes were overcome by that the anaerobes were removed by using a 0.45-μm-pore-size membrane filter. Among the 3 different feeding regimens tested, the continuous feeding regimen seemed to be the most suitable for effective PHB production. Further studies are necessary to develop methods to maintain the high rate of PHB production.
